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Forms and Lability of Phosphorus in Humic Acid Fractions of Hord Silt Loam Soil
Soil Chemistry U nderstanding P forms and lability in soils is essential to eff ectively manage P for plant growth and to prevent eutrophication of nearby water bodies from the loss of excess soil P. A common tool to identify soil P forms is solution 31 P nuclear magnetic resonance (NMR) spectroscopy (Cade-Menun, 2005) , generally used aft er the extraction of soil samples with alkaline solutions such as NaOH-ethylenediaminetetraacetic acid (EDTA). Th is method allows P forms to be grouped into broad categories such as phosphonates, polyphosphates, orthophosphate monoesters, and orthophosphate diesters, and it also has identifi ed specifi c P forms such as orthophosphate, pyrophosphate, and DNA. More recently, spiking experiments have confi rmed more specifi c peak identifi cations in the orthophosphate monoester region, including phytate (myo-inositol hexakisphosphate), scyllo-inositol P (scyllo-inositol hexakisphosphate), phospholipid degradation products such as α-and β-glycerophosphates, and ribonucleotides from RNA degradation (Turner et al., 2003; McDowell et al., 2007; Smernik and Dougherty, 2007; Doolette et al., 2009) .
Currently, information on the forms and lability of P associated with humic fractions is limited, although such information is critical for understanding the role of humic fractions in P cycling and nutrition (Makarov, 2005; He et al., 2009a) . Th e use of 31 P NMR to study P in soil humic fractions is limited: while >60 31 P NMR Phosphorus has long been known to be present in soil humic fractions, but little is known about specifi c P forms in humic fractions or their lability. We extracted the mobile humic acid (MHA) and recalcitrant calcium humate (CaHA) fractions from a Nebraska Hord silt loam soil (a fi ne-silty, mixed, superactive, mesic Cumulic Haplustoll) under continuous corn (Zea mays L.) receiving either inorganic fertilizer or animal manure. Solution 31 P nuclear magnetic resonance spectroscopy demonstrated that P in both MHA and CaHA was predominantly present in organic forms, mostly as orthophosphate monoesters. Spiking experiments indicated no phytate present in these humic fractions, but scyllo-inositol P was identifi ed in all samples. Potato phosphatase hydrolyzed some humicbound P. Fungal phytase released more humic-bound P, which may come from scyllo-inositol P. No additional P was released by including nuclease. Ultraviolet (UV) irradiation increased soluble inorganic P in MHA fractions, but total hydrolyzable P in MHA fractions did not increase, suggesting that the portion of P that was UV labile was also enzymatically hydrolyzable. In contrast, UV irradiation increased soluble inorganic P and total hydrolyzable P in CaHA fractions, which suggests that UV-labile P in CaHA fractions did not overlap with enzymatically hydrolyzable P. Fertilization management did not signifi cantly alter the lability of humic P in these humic fractions. Th is research has the potential to improve P management by increasing our knowledge of P lability for more effi cient crop uptake. studies of whole soil have been published since 1980, there have only been 17 published 31 P NMR studies of soil humic fractions. Th ese include studies of humic acids (HA) extracted from peat (Bedrock et al., 1995; Francioso et al., 1996 Francioso et al., , 1998 Makarov et al., 1997; Shand et al., 1999; He et al., 2006) , forest fl oor humus (Ogner, 1983) , mineral soils under forest and natural vegetation (Makarov, 1996 (Makarov, , 1997 Guggenberger et al., 1996; Makarov et al., 1996 Makarov et al., , 1997 Shand et al., 1999; Tikhova et al., 2000 Tikhova et al., , 2002 He et al., 2006) , and cultivated soils (Mahieu et al., 2000 (Mahieu et al., , 2002 Busato et al., 2005; Barančíková et al., 2007) . Only a handful of studies have characterized P forms in humic substances (Bedrock et al., 1995; Guggenberger et al., 1996; Makarov, 1996; Makarov et al., 1997; He et al., 2006) , and only one study (Mahieu et al., 2000) separated HA into mobile humic acid (MHA) and the more humifi ed calcium humate (CaHA) fractions. For the majority of these studies, only the broad compound classes were identifi ed, and no attempts were made to identify individual peaks in the orthophosphate monoester and orthophosphate diester regions. In addition, no spiking experiments have been conducted to identify phytate in humic substances, although it is known to be a major P form in the environment (Bohn et al., 2008) .
Although solution 31 P NMR analysis is an important tool for characterizing P forms, it does not provide information on how labile humic-bound P is converted to free soluble inorganic phosphate, which is the bioavailable form. He et al. (2006 He et al. ( , 2009a demonstrated that biotic and abiotic release of humic-bound P can be investigated by phosphatase hydrolysis and UV irradiation, respectively. Because their data showed that not all P forms associated with humic fractions were equally labile, they proposed that the lability of humic-bound P should be experimentally evaluated. Studies are needed to link the P forms detected by 31 P NMR to lability results from phosphatase hydrolysis and UV irradiation. For example, although there are no reports on the presence of phytate in humic samples, fungal phytase can release humic-bound P to soluble inorganic P (He et al., 2006 (He et al., , 2009a . More data are also needed to provide insights into how the lability of humic-bound P is aff ected by sample origins and environmental factors.
Th us, the objective of this research was to gain insight into the chemical nature of humic-bound P by examining P forms and their lability in humic fractions from soils with diff erent fertilization histories. Two types of humic fractions (MHA and CaHA) were extracted from each of three Nebraska Hord silt loam soils in corn cropping systems receiving either no fertilizer, inorganic N, or animal manure. Th e forms of P in these humic fractions were then characterized with solution 31 P NMR, and the lability of P was evaluated by phosphatase hydrolysis and UV irradiation.
MATERIALS AND METHODS

Extraction of Mobile and Calcium Humate Fractions
Soil samples used in this study were collected from a private farm in Hamilton County near Phillips, NE, on an irrigated fi eld with a continuous corn system. Th e soil is classifi ed as Hord silt loam (a fi ne-silty, mixed, superactive, mesic Cumulic Haplustoll). Surface soil (0-15 cm) was sampled (three replicates per treatment), air dried in a greenhouse, and then hand ground to pass through an 8-mm mesh. Th e three fertilizer treatments were an unfertilized control, inorganic N fertilizer (NPK), and beef cattle feedlot manure. Th e manure was applied in the fall from 1997 to 2001 at an N rate that was estimated to provide a corn production level of 10.7 Mg ha −1 in compliance with the landowner's request, resulting in a P fertilization rate of about 315 kg P ha −1 . Anhydrous NH 3 was the inorganic N fertilizer (202-210 kg N ha −1 yr −1 ). Th e unfertilized control plots were divided into two rotating strips. Inorganic fertilizer at a rate similar to the manure treatment was applied to one half, and the other half was not fertilized. Each year the strip that did not receive any N input was considered the unfertilized control. In addition, starter fertilizer as liquid ammonium polyphosphate was applied at planting to all treatments at an annual rate of 10 kg N ha −1 .
Th e two-step sequential extraction procedure to extract the MHA and CaHA fractions has been reported previously (He et al., 2010) .
Th e fi rst step, 0.25 mol L −1 NaOH extraction, extracted the MHA fraction from a soil sample. Th e second step, 0.2 mol L −1 HCl washing and then 0.25 mol L −1 NaOH extraction, extracted the CaHA fraction from the soil residues of the fi rst extraction. Specifi cally, 35 g of soil from individual fi eld plots was shaken in 350 mL of 0.25 mol L −1 NaOH under N 2 gas for 20 h. Aft er centrifuging, the supernatant was decanted and acidifi ed to pH 2.0 to precipitate the MHA fraction. Th e extraction was repeated one more time to ensure thorough extraction of this fraction. Th e extracted soil residue was then repeatedly washed with 0.2 mol L −1 HCl, followed by centrifuging and disposal of the supernatant, until the pH of the supernatant remained below 1.0. Th e soil residue was similarly washed again in water to remove excess HCl until the supernatant pH rose above 2.0. Th e recalcitrant HA fraction that had been bound to soil Ca (CaHA) was then extracted from the soil residue using the same extraction procedure as had been done for the MHA. Both fractions were further treated by a 0.05 mol L −1 KCl-0.25 mol L −1 KOH solution and then a 0.5% HCl-HF solution to remove soil particles, and then dialyzed for 3 d against successively weaker HCl solutions and fi nally water. Th e fractions were dried by lyophilizing and then were stored until use.
Solution Phosphorus-31 Nuclear Magnetic Resonance Analysis
Composite humic fractions for each fi eld treatment were dissolved in 0.4 mL of 10 mol L −1 NaOH, 1.2 mL deuterium oxide (D 2 O), and 0.8 mL of 0.25 mol L −1 NaOH + 0.05 mol L −1 Na 2 EDTA and allowed to stand for 30 min with occasional vortexing. Solution 31 P NMR spectra were acquired at 202.50 MHz on a Bruker Avance 500 MHz spectrometer (Bruker Optics, Billerica, MA) equipped with a 10-mm broadband probe, using a 90° pulse, 0.68-s acquisition, 4.32-s pulse delay, 82.4-μs dwell time, 17.9-μs pulse width, and 12-Hz spinning. Th e temperature was regulated at 20°C, and 4352 scans were acquired per sample (6 h). Phosphorus compounds were identifi ed by their chemical shift s, with the orthophosphate peak in all spectra standardized to 6 ppm. Peak areas were calculated by integration on spectra processed with 7-and 3-Hz line broadening, using NUTS soft ware (2000 version, Acorn NMR, Livermore, CA) and manual calculation. Peak assignments were based on previous reports (Turner and Richardson, 2004; Cade-Menun, 2005; Doolette et al., 2009; Cade-Menun et al., 2010) . Th e NMR samples of both MHA and CaHA fractions of the manure-amended soil were spiked with phytate solution to confi rm the absence of phytate peaks in these spectra. Th is was done by removing 0.125 mL of sample from the NMR tube immediately aft er NMR analysis and replacing it with 0.125 mL of a solution (0.1 g in 25 mL of 0.25 mol L −1 NaOH + 0.05 mol L −1 Na 2 EDTA) of dipotassium phytate (Sigma P5681, Sigma-Aldrich Corp., St. Louis, MO) and immediately reanalyzing with 31 P NMR, as described by McDowell et al. (2007) . For further peak identifi cation, spectra were compared with spectra from lyophilized NaOH-EDTA blanks spiked with orthophosphate, adenosine 5'monophosphate (01930), D-glucose 6-phosphate (G7879), DL-α-glycerol phosphate (17766), β-glycerophosphate (G5422), phosphocholine (P0378), and α-D-glucose 1-phosphate (G7018), all from Sigma-Aldrich.
Enzymatic Hydrolysis
Stock solutions of these humic fractions were made in 0.05 mol L −1 NaOH based on 10 mg dry matter L −1 stock solution and kept at 4°C until use. Part of the stock solutions was used for analysis of P and other selected elements by inductively coupled plasma-atomic emission spectroscopy, and the results are listed in Table 1 .
All enzymatic incubations were performed at 37°C for 20 h in a refrigerator-shaker (250 rpm). Each incubation mixture (0.180 mL) contained 0.045 mL of an enzyme-buff er working solution (fi nal concentration 100 mmol L −1 NaOAc buff er, pH 5.0, potato phosphatase 0.25 U mL −1 , fungal phytase 0.25 U mL −1 , and nuclease P1 5 U mL −1 , separately or in combination) and an appropriate amount of a stock humic fraction based on 10 mg P L −1 incubation mixture (He et al., 2004a,b) . Suffi cient distilled water was included in the incubation mixture to make a fi nal volume of 0.180 mL. Aft er a 20-h incubation interval at 37°C (He et al., 2006 (He et al., , 2009b , soluble inorganic P (P i ) in these mixtures was determined as described below.
Ultraviolet Irradiation
Ultraviolet irradiation is an abiotic mechanism for releasing P from complex P compounds in environmental samples (He et al., 2009b) .
For UV irradiation treatments, 1.0 to 1.2 mL of humic stock solutions (pH 5.0) were placed in a closed quartz cuvette. A Spectroline 11SC-1 shortwave UV pencil lamp (254 nm, 4.5 mW cm −2 , Spectronics Corp., Westbury, NY) was placed near the cuvette (1 cm away) and the sample was irradiated for 4 h at 22°C (He et al., 2006 (He et al., , 2009b . Th e irradiated samples were then subjected to enzymatic hydrolysis as described above.
Phosphorus Measurements and Designation of Labile Phosphorus Forms
Soluble inorganic orthophosphate (soluble P i ) in the reaction mixtures was directly quantifi ed by a modifi ed molybdenum blue method (He and Honeycutt, 2005) . A correction was made for the humicinduced absorption by subtracting it from the absorption measured for all samples in the presence of the color reagent.
Soluble P i determined in the absence of enzymes was designated labile inorganic P. Labile organic P was defi ned as the increase in P i determined aft er the enzymatic incubation together with the three enzymes. Th ree types of enzymatically hydrolyzable organic P forms were quantifi ed based on previous substrate specifi city studies and classifi ed as simple monoester P, phytate-like P, and polynucleotide P (He et al., 2004a,b) .
Th e UV-labile inorganic P was defi ned as the diff erence in P i determined with and without UV irradiation in the absence of enzymes. Th e UVlabile organic P was defi ned as the diff erence between P i determined with UV irradiation in the presence of enzymes and the sum of labile organic P and UV-labile inorganic P (He et al., 2006 (He et al., , 2009b . Recalcitrant P was calculated as the diff erence between total P and the sum of the other identifi ed P forms as described above.
Statistical Analyses
Analysis of variance was conducted on the chemical contents and on measures of P lability (enzyme hydrolysis and UV irradiation) using three fi eld replicate samples per treatment and per humic acid type. For 31 P NMR, only one sample was analyzed per treatment and humic acid type. Because there were no apparent diff erences with fertilizer treatment, the three fertilizer types were grouped together to compare MHA with CaHA. For all analyses, statistical signifi cance was set at P < 0.05.
RESULTS AND DISCUSSION
Elemental Analysis of Humic Fractions
Th e P content ranged from 1.47 to 1.75 g kg −1 dry matter for MHA fractions and 2.81 to 3.24 g kg −1 dry matter for CaHA fractions (Table 1) . Fertilization did not result in any consistent diff erences in C and N concentration of these humic fractions because these MHA and CaHA fractions contained 520 to 540 g C kg −1 and about 40 to 50 g N kg −1 (Mao et al., 2008) . Among the six measured metals, Mg, Al, and Mn concentrations were lower than the instrument detection limits (Table 1) . Th e concentrations of Ca, Fe, and Zn were measurable but were much lower than the P concentrations in all humic fractions. As with P, fertilization did not impact the metal concentrations in the MHA and CaHA fractions; however, the Fe content was doubled in the CaHA fractions compared with MHA.
Th e P concentrations in these humic fractions were similar to MHA and CaHA fractions extracted from Philippine rice (Oryza sativa L.) soils (He et al., 2009b) and the International Humic Substances Society (IHSS) soil humic and fulvic acids (He et al., 2006) but were on the low end of the values reported by Mahieu et al. (2000) . One striking diff erence in these results from the other reports, though, is the much higher concentration of P in CaHA than MHA, because previous reports did not indicate diff erences in the P concentrations of MHA and CaHA (Mahieu et al., 2000; He et al., 2006) . Higher Fe concentrations in the CaHA fractions than in the MHA fractions of Philippine rice soils were reported previously by He et al. (2009b) , while other reports did not include Fe concentration (Mahieu et al., 2000; Olk et al., 1998) . Th e Fe content of the CaHA was eightfold greater than that of the MHA fraction from a calcareous vermiculitic soil obtained from a cotton (Gossypium hirsutum L.) fi eld in California (Olk et al., 1995) . Our data suggest that greater amounts of Fe are present in the CaHA fraction than in the MHA fraction. We speculate that this trend would be consistent with partial binding of the CaHA to soil Fe 3+ , which has not yet been investigated.
Phosphorus Forms of Humic Fractions
Th e full solution 31 P NMR spectra of all the MHA and CaHA samples are shown in Fig. 1 , while Fig. 2 shows only MHA samples, expanded to provide more detail of the orthophosphate monoester and diester regions. Th e horizontal elongation used in Fig. 2 to separate the peaks in the orthophosphate monoester region resulted in the broadening of peaks (e.g., the DNA peak). Th e only inorganic P in any spectrum was orthophosphate (6.00 ± 0.01 ppm); no peaks for pyrophosphate or polyphosphates were detected ( Fig. 1; Table 2 ). Organic P compounds included phosphonates between 28.2 and 17.3 ppm, orthophosphate monoesters from 6.8 to 6.2 and from 5.9 to 2.7 ppm, and orthophosphate diesters between 1.9 and −1.6 ppm (Turner et al., 2003; Cade-Menun, 2005; Cade-Menun et al., 2010) . Th e phosphonates included peaks at 27.28 ± 0.85, 21.80 ± 1.85, and 18.76 ± 0.16 ppm. Th e 18.76-ppm peak, present in every sample, can be assigned to phosphonolipids (Cade-Menun, 2005) , but the identities of the other peaks in the phosphonate region are unknown. Th e orthophosphate diesters were divided into DNA at −0.36 ± 0.19 ppm, Diester 1 from 1.9 to −0.2 ppm, which would include intact phospholipids and RNA (Turner et al., 2003) , and Diester 2 from −1.0 to −1.6 ppm (Fig. 2) . Peaks at 0.90 ± 0.09, 0.26 ± 0.07, −1.06 ± 0.07, and −1.52 ± 0.09 ppm were present in the majority of samples. Th e orthophosphate monoesters were divided into a number of groups (Fig. 2) . Th e peak at 3.55 ± 0.02 ppm (F) was assigned to scyllo-inositol P, based on Turner and Richardson (2004) and Doolette et al. (2009). Spiking with phytate produced peaks at 5.78 ± 0.01, 4.83 ± 0.01, 4.47 ± 0.01, and 4.36 ± 0.01 ppm (designated A in Fig. 2) , with the 4.36-ppm peak occurring as a shoulder on the 4.47-ppm peak in the classic 1:2:2:1 area confi guration (Turner et al., 2003) . None of these peaks was present in this confi guration in any of the MHA or CaHA samples. Unidentifi ed peaks were present in similar locations in the NPK CaHA sample (at 5.63, 4.86, 4.46, and 4 .33 ppm), but had a 1:1:2:4 confi guration, suggesting that they did not come from phytate.
Th e 5.14 ± 0.02 ppm peak (B) was assigned to glucose 6-phosphate, the peak at 4.73 ± 0.07 ppm (C) was assigned to α-glycerophosphate, the peak at 4.56 ± 0.07 ppm (D) was assigned to β-glycerophosphate, and peaks at 4.44 ± 0.03 ppm and 4.31 ± 0.02 ppm were ribonucleotides and deoxyribonucleotides (E in Fig. 2) . Th e peak at 4.09 ± 0.03 ppm (G) was assigned to phosphocholine, and was distinctive from the peak assigned to scyllo-inositol P. Th ese peak assignments were based on recent literature reports, particularly Bünemann et al. (2008) and Doolette et al. (2009) , plus standards spiked into NaOH-EDTA blanks (Fig. 2) . All of these named peaks, except phosphocholine, were present in all samples analyzed for this study. Both α-and β-glycerophosphate are thought to be degradation products of phospholipids (Doolette et al., 2009) , while the nucleotide category includes the degradation products of RNA and possibly DNA (Turner et al., 2003; Bünemann et al. 2008) .
Th e remaining orthophosphate monoester peaks were divided into three general groups, based on their locations (Hill and Cade-Menun, 2009) . Th e Monoester 1 group is downfi eld of orthophosphate between 6.9 and 6.2 ppm, with peaks at 6.90 ± 0.08 and 6.42 ± 0.04 ppm appearing in the majority of samples. Early soil 31 P NMR research assigned peaks in this region to aromatic diester compounds (Bedrock et al., 1994; Turner et al., 2003) , but Turner and Richardson (2004) reassigned them to lower inositol phosphates because they were unaff ected by bromination, which is characteristic of inositol phosphates. Th e Monoester 2 group includes peaks between 5.9 and 4.1 ppm, excluding specifi cally identifi ed peaks such as α-and β-glycerophosphates. Peaks in this region were detected at 5.85 ± 0.10, 5.57 ± 0.05, 4.95 ± 0.03, 4.80 ± 0.07, 4.28 ± 0.07, and 4.08 ± 0.04 ppm. Th e 5.57-ppm peak was present in all samples analyzed, while the 4.28-ppm peak was present in all but the control CaHA sample. Peaks in the Monoester 2 region may include sugar phosphates, other inositol phosphates, and orthophosphate diester degradation products if present (Turner et al., 2003; Turner and Richardson, 2004) . Th e Monoester 3 group included peaks from 3.45 to 2.68 ppm. Specifi c peaks in this region were detected at 3.80 ± 0.03 ppm, 3.65 ± 0.03 ppm, and 2.68 ± 0.01 ppm. Th e peak at 3.06 ± 0.10 ppm (H in Fig. 2 ) was prominent in all samples. A peak in this region has been designated by some researchers as teichoic acid (e.g. Makarov, 2005) , but this identifi cation was not confi rmed with spiking experiments. For our samples, this peak corresponds to glucose 1-phosphate spiked into NaOH-EDTA blanks, and thus we tentatively identify it as glucose 1-phosphate.
Th e P forms in both humic fractions were predominantly organic (87%), with no diff erence between MHA and CaHA (Table 2) . Th e majority of 31 P NMR studies of HA have also reported that organic P was >80% of the identifi ed P forms (e.g., Makarov, 1996 Makarov, , 1997 Guggenberger et al., 1996; Tikhova et al., 2000 Tikhova et al., , 2002 Barančíková et al., 2007) , while organic P forms comprised >80% of P in CaHA and MHA extracted from Philippine rice soils (Mahieu et al., 2000) . It should be noted, however, that orthophosphate may have been underestimated in many of the early studies because it overlaps a broad peak for the orthophosphate monoesters (e.g., Makarov, 1996; Makarov et al., 1996 Makarov et al., , 1997 . Comparisons among studies can also be Table 2 . Relative peak area (%) of 31P nuclear magnetic resonance spectra of mobile humic acid (MHA) and calcium humate (CaHA) fractions extracted from the control (Con), inorganic fertilizer (NPK), and beef cattle manure (AM) soils. Orth, orthophosphate; phn, phosphonates; G6P, glucose 6-phosphate; α-Glyc, β-Glyc, α and β glycerophosphate; nucl, mononucleotides; mono1, mono2, mono3, orthophosphate monoesters, regions 1, 2 and 3; scyllo, scyllo-inositol P; Dies1, Dies2, orthophosphate diesters regions1 and 2; CTot Mono, CTot Dies, corrected totals; Tot P o , total of organic P forms from NMR. See text for more details about these P forms and regions. hampered by diff erences in sample preparation. For example, Bedrock et al. (1995) demonstrated that the pH of precipitation of HA from peat and mineral soils determined the relative distribution of inorganic and organic P forms in HA and fulvic acid fractions. Th e predominance of organic P forms seems to be a consistent trend for HA, however, regardless of the study. Peaks for pyrophosphate and polyphosphate were not detected in these samples (Table 2) , which is consistent with a number of other studies (Ogner, 1983; Bedrock et al., 1995; Makarov et al., 1996; Shand et al., 1999; Mahieu et al., 2000; Barančíková et al., 2007) . For other studies, pyrophosphate and polyphosphates were detected in some samples but not necessarily in all samples within the same study (Makarov, 1996 (Makarov, , 1997 Guggenberger et al., 1996; Makarov et al., 1997; Tikhova et al., 2000; Busato et al., 2005) . Th is suggests that the presence of these P forms is related to the soil from which the HA was removed rather than to the extraction procedure. Th e exception to this are the studies by Francioso et al. (1996 Francioso et al. ( , 1998 ; pyrophosphate was the predominant P form in their samples because the HA was extracted with both NaOH and pyrophosphate.
Th ere were no obvious trends in P forms for the diff erent fertilizer treatments, but some statistically signifi cant diff erences were seen between MHA and CaHA (Table 2) . Th ere were no signifi cant diff erences between MHA and CaHA for total phosphonates, which were present at low but easily detectable levels in all samples (Table 2 ). Most 31 P NMR studies of HA have reported phosphonates in some, if not all, of the samples analyzed; the exceptions are Tikhova et al. (2002) and Francioso et al. (1996 Francioso et al. ( , 1998 . Th e peak for phosphonolipids was common in most studies, and other unidentifi ed phosphonate peaks were oft en present.
Of the seven orthophosphate monoester peaks or regions identifi ed in these samples, signifi cant diff erences were seen for α-and β-glycerophosphate, scyllo-inositol P, the monoester 2 region, and total orthophosphate monoesters. For all but scylloinositol P, the percentage of P was signifi cantly higher in CaHA samples than MHA. No previous studies have identifi ed peaks in the orthophosphate monoester region in such detail. In fact, for most studies, the orthophosphate monoester region contained only one broad peak (Makarov, 1996; Guggenberger et al., 1996; Makarov et al., 1996 Makarov et al., , 1997 Tikhova et al., 2000 Tikhova et al., , 2002 He et al., 2006) . Two values each for total monoesters and total diesters are shown in Table 2 . Th e fi rst is a sum of all peaks or regions actually appearing in the orthophosphate monoester or diester regions in the 31 P NMR spectra. Th e α-and β-glycerophosphate and nucleotides, however, are believed to derive from the degradation of orthophosphate diesters during sample preparation and analysis under the highly alkaline conditions required for 31 P NMR (Turner et al., 2003; Bünemann et al., 2008; Doolette et al., 2009 ). Th us, the corrected total monoester and corrected total diester columns are those corrected by moving the percentages of α-and β-glycerophosphate and nucleotides from orthophosphate monoesters to diesters. When uncorrected, the total monoesters were signifi cantly higher in CaHA than in MHA, but the reverse was true for the corrected total monoesters. Th e total diesters were signifi cantly higher in MHA than CaHA when uncorrected, but this is reversed when corrected. Because the 31 P NMR analytical conditions were exactly the same for all samples, these results suggest that orthophosphate diesters in CaHA are more prone to chemical degradation during the extraction of humic fractions or 31 P NMR analysis than are those in MHA. Further investigation is required, however, to determine whether this is a general trend or if it is only true for these particular samples, and to determine the reasons for the observed diff erences.
Peaks for DNA and in the Diester 1 and Diester 2 regions (Fig. 2) were detected for both the MHA and CaHA samples and were signifi cantly higher in MHA (excluding corrections for degradation products). Th e majority of prior HA 31 P NMR studies also showed a clear DNA peak (e.g., Ogner, 1983; Makarov, 1996 Makarov, , 1997 Tikhova et al., 2002) . Peaks were also present in the same regions we have designated as Diester 1 and Diester 2 (Makarov, 1997; Makarov et al., 1997; Tikhova et al., 2000; Mahieu et al., 2000; Busato et al., 2005) . Most of these researchers referred to peaks in the Diester 1 region as "sugar diester P, " but the peaks in the Diester 2 region were labeled as "unknown" by all researchers.
It is interesting to note that none of the peaks for phytate, including the P2 peak at 5.7 ppm that has been used to identify and calculate the phytate peak area (Turner, 2004) , appeared in any of the humic fractions (MHA and CaHA), indicating that phytate was not part of humic-bound P in these fractions. Th is observation was further confi rmed by the appearance of the typical four phytate P peaks in the spiked samples, as shown for MHA in Fig. 2 . For the majority of prior 31 P NMR studies of HA, the orthophosphate monoester region was dominated by one broad peak, so it was impossible to determine the presence of phytate. For those studies where the orthophosphate monoester peaks were clearly resolved, however, none showed a peak in the expected position for the P2 peak, or peaks in the expected regions for other phytate peaks in the 1:2:2:1 configuration (Ogner, 1983; Bedrock et al., 1995; Mahieu et al., 2000; Busato et al., 2005; Barančíková et al., 2007) . Further studies that include spiking with phytate are required to confirm that the absence of phytate in HA is a universal trait. In contrast, almost every prior study showed a peak in the same location where we have identified scylloinositol P, or a shoulder in the proper location where peaks in the orthophosphate monoester region are poorly resolved. This peak has been identified as choline phosphate in some research (e.g., Barančíková et al., 2007) . Doolette et al. (2009) showed, however, by spiking samples with both choline phosphate and scyllo-inositol P, that the correct identity is probably scyllo-inositol P. Further studies that include spiking with choline phosphate are necessary to confirm that this peak is not choline phosphate, because scyllo-inositol P is not commercially available for spiking experiments.
Th e widespread presence of scyllo-inositol P but not phytate in HA samples is a very interesting observation. Th ese P forms are both stereoisomers of inositol hexakisphosphate, diff ering only in the orientation of a single hydroxyl group (Turner and Richardson, 2004) . Th e origins of scyllo-inositol P in soil, however, are unknown. Although phytate is known to be a P storage compound in plants, scyllo-inositol P is rarely detected in plant material (Turner and Richardson, 2004) . Soil microbes are thought to be responsible for its presence in soil because it was detected aft er a sand-clay mixture containing organic and inorganic nutrients was incubated with soil microbes (Caldwell and Black, 1958) . Whether it is formed by epimerization of phytate or whether it is directly synthesized by soil microbes remains unclear, however. Our results shed no clarity on the source of the scyllo-inositol P in our samples, but the fact that it has been incorporated into humic materials supports the role of soil microbes in its formation. Similarly, the MHA and CaHA fractions in an Iowan corn soil were dominated by microbial carbohydrates instead of plant carbohydrates (unpublished data, 2010) . Th e absence of phytate may indicate that it is not incorporated into soil humic material, or it may be a function of the procedure used to extract the HA fractions. Th is extraction procedure might also aff ect other P forms, such as phospholipids; further investigation is warranted. In support of this extraction procedure, though, we note that Mahieu et al. (2002) , studying the MHA and CaHA fractions of tropical rice soils, signifi cantly correlated 31 P magnetic resonance spectral proportions with other chemical properties of the fractions, including the H concentration, visible light absorption, and free radical concentration, which in turn were signifi cantly correlated with the spectral proportions of 13 C and 15 N NMR. Th ese correlations suggest that any chemical alteration of P forms during humic fraction extraction does not overly distort the spectral proportions measured by 31 P NMR.
It is not clear whether the diff erences in P distribution patterns between our observations and those of other studies are due to the diff erent extractions methods or instead to diff erent soil types, ecological and environmental factors, or management practices. A systematic comparison of the P distribution in humic fractions extracted with diff erent methods from the same sources may give clues on the issue and facilitate data comparison. It is also clear that a systematic study involving spiking with phytate and other P forms is necessary to confi rm whether the trends in phytate, scyllo-inositol P, and orthophosphate diesters observed here are universal trends for HA.
Enzymatically Labile Phosphorus in Humic Fractions
Th e content of soluble P i was 10.9, 9.2, and 9.0% of the total P in the three MHA fractions from the control, NPK, and manured soils, respectively (Fig. 3a) . Th is portion of P is considered labile soluble P i (Table 3 ) and was comparable to that of the orthophosphate measured by solution 31 P NMR spectroscopy (Table 2) . Enzymatic hydrolysis in incubation mixtures of these humic fractions signifi cantly increased the content of soluble P i in these fractions. Incubation with potato phosphatase increased soluble P i to 17.3 to 18.9% of the total P in the MHA fractions.
Th e combination of potato phosphatase and fungal phytase was yet more eff ective in hydrolyzing humic-bound organic P, as the soluble P i further doubled to 35.2 to 36.3% of the total P. Further inclusion of nuclease P1 with the two enzymes only slightly further increased the soluble P i . Similar results were observed with the CaHA fractions (Fig. 3b) ; however, enzymatic hydrolysis released less soluble P i from these CaHA fractions than from the MHA fractions. He and Honeycutt (2001) proposed an enzymatic hydrolysis approach for identifying and quantifying organic P in animal manure. Potato acid phosphatase is able to catalyze the hydrolysis of most orthophosphate monoesters tested except for phytate, and fungal phytase catalyzes the hydrolysis of orthophosphate monoesters and phytate. Nuclease P1 endonucleolytically cleaves polynucleotide bonds in RNA and DNA, and then the P-O bond in nuclease-cleaved mononucleotides can be released by orthophosphate monoesterases to produce P i (He and Honeycutt, 2001; He et al., 2004a) . With this procedure, the labile organic P portion was further divided into simple monoester, phytate-like, and poly- nucleotide-like P (Table 3) . Th ese data indicate that 25.4 to 27.2% of MHA-bound P and 17.6 to 18.3% of CaHA-bound P was enzymatically hydrolyzable monoester P, whereas 1.6 to 4.2% of MHAbound P and 0 to 1.3% of CaHA-bound P was polynucleotide-like P. Th e fact that the contents of both orthophosphate monoester and diester P were lower when determined by enzymatic hydrolysis than by 31 P NMR analysis implies that these two pools are not fully hydrolyzable by these enzymes. A common observation by both methodologies was that the P composition of these humic fractions did not change based on the fertilization management during the experimental period.
Th e NMR data identifi ed more monoester P in the CaHA fraction than in the MHA fraction before correction for degraded diesters, but more monoester P was identifi ed in the MHA fraction aft er correction. Th e corrected NMR monoester results are consistent with the enzymatic data, which also revealed more hydrolyzable monoester P in MHA than CaHA. Hence, this correction appears necessary to accurately quantify orthophosphate monoesters.
Most of the enzymatically hydrolyzable P was phytate-like P in all six humic fractions (Table 3 ). Because phytate P was not found in these fractions by solution 31 P NMR spectroscopy (Fig. 2) but scyllo-inositol P was detected, this suggests that this fungal phytase may be hydrolyzing scyllo-inositol P instead of phytate. Th erefore, the term phytate-like P, rather than phytate P as proposed by the original work on the enzymatic approach (He and Honeycutt, 2001) , is in fact correct. Th is phytase may also be releasing P from other forms that are not inositol phosphates. Although the molecular mass of phytate is hundreds of daltons, release of P from high-molecular-mass organic matter has been observed by other researchers. For example, Pant et al. (1994) found that fungal phytase hydrolyzed about 80% of the organic P in the high-molecular-weight (>45 kDa) fractions of root exudates of spring barley (Hordeum vulgare L.) during a 24-h incubation. Working with solutions of sandy soils, Hens and Merckx (2001) reported that 10 to 43% of molybdate-unreactive P with high molecular mass (daltons unspecifi ed) was decomposable by added phytase. He et al. (2006) observed that incubation with fungal phytase hydrolyzed P in both low-(<3 kDa) and high-(>3 kDa) molecular-mass humic and fulvic fractions from the IHSS Elliot soil in amounts that were 8 to 17% of the total P. He et al. (2006) hypothesized that the P bonding environment in these organic matter fractions is similar to the complicated multiple-P structure of phytate, thus making humic P a partial substrate of phytase. Th e reduced eff ectiveness of potato acid phosphatase in the hydrolysis of humic-bound P shown in this work (Table 3) further confi rms this hypothesis.
Ultraviolet Irradiation of Humic Fractions
Aft er a 4-h UV irradiation of humic fractions, the soluble P i was 16.1, 16.2, and 14.1% of MHA-bound P for the control, NPK, and manured treatments, respectively (Fig. 4a) , and 13.2, 14.8, and 13.6% of CaHA-bound P for the same three treatments (Fig. 4b) . Th e changes with UV irradiation represented an increase in soluble P i of 4.5 to 7.0% of humic-bound P compared with unirradiated samples (Table 3) . Enzymatic incubation released more P from the UV-irradiated materials than from unirradiated materials. Th e pattern of enzymatic hydrolysis was similar to that of the unirradiated materials: the combination of potato phosphatase and fungal phytase caused the greatest increase in the release of humic-associated P among the three enzymatic treatments. Similar eff ects of UV irradiation have been observed in prior studies (He et al., 2006 (He et al., , 2009b . Th e net changes in enzymatically hydrolyzable P for the three MHA fractions were negative, however, compared with those in unirradiated samples (Table 3) . Th e decreases in labile organic P with irradiation of the MHA fractions suggest that some hydrolyzable organic P associated with humic substances was directly broken down to soluble inorganic P rather than to free organic P (He et al., 2009b) .
Th e eff ects of UV irradiation on P lability in CaHA fractions were diff erent from those for MHA, as net positive changes to organic P were observed between UV-irradiated and unirradiated samples (Table 3) . Th e diff erent eff ects of UV irradiation on the two types of humic fractions demonstrated again that the MHA-bound organic P was more labile and could be released by either enzymatic hydrolysis or UV irradiation. On the other Table 3 . Lability of P in mobile humic acid (MHA) and calcium humate (CaHA) fractions extracted from the control, inorganic fertilizer, and beef cattle manure soils.
P form Lability
Control
Inorganic fertilizer Beef manure
10.9 ± 1.3 † 8.5 ± 0.3 9.2 ± 1.1 8.7 ± 1.7 9.0 ± 0.9 9.0 ± 0.4
Labile organic P 27.6 ± 2.5 18.1 ± 0.9 27.6 ± 2.1 17. hand, the combined actions of UV irradiation and enzymatic hydrolysis were needed to release the portion of relatively stable organic P in the CaHA fractions. Due to this diff erence, the impact of UV irradiation was greater on the release of humic-bound P from the CaHA fractions than from the MHA fractions. In other words, there was a higher portion of enzymatically labile organic P in the MHA fractions, but there was a higher portion of moderately (UV-) labile organic P in the CaHA fractions. About 58 to 63% of humic-bound P was not characterized by either enzymatic hydrolysis or UV irradiation. Th is fraction was designated as recalcitrant P (Table 3) . Th is portion of P could be either (i) tightly humic-bound inorganic P, (ii) organic P that was not a substrate for the enzymes used in this study, or (iii) organic P that was protected somehow from enzyme attacks and UV irradiation (He et al., 2009b) . For example, He et al. (2006) demonstrated the occurrence of tightly bound inorganic P in peat humic and fulvic acids because only 10 to 17% of the humic-bound P was enzyme-hydrolyzable P, although solution 31 P NMR analysis detected only orthophosphate. In other words, 83 to 90% of the total P in the humic and fulvic fractions was tightly bound inorganic P; however, the tightly humic-bound inorganic P seems not to be a major part of the recalcitrant humic-bound P in the Nebraska Hord soils because similar levels of inorganic orthophosphate were detected by both the colorimetric method and NMR spectroscopy. Fox and Comerford (1992) attributed nonhydrolyzable organic P in forested Spodosols to orthophosphate diesters such as hydrophobic phospholipids, or to complex orthophosphate monoesters that were resistant to hydrolysis. Th e diversity of orthophosphate monoester and diester P forms that were identifi ed in our six HA samples by solution 31 P NMR (Table 2 ) supports this argument.
Comparison of Lability of Humic-Bound Phosphorus from Different Sources
Th e data in Table 3 indicate that there was not much diff erence in P lability in the same type of humic fraction among the three fertilizer treatments in the Nebraska Hord soil. Th is lack of treatment eff ect contrasts with an enrichment of peptide C and nonpolar alkyl C (probably fatty acid C) in the CaHA of the manured treatment as found by 13 C NMR (Mao et al., 2008) . He et al. (2006 He et al. ( , 2009b also reported the lability of humic-bound P in other sources (Table 4) . Although there are some diff erences in the lability of humic-bound P between diff erent types of humic fractions from the same source, the most remarkable diff erences are among humic fractions from diff erent origins. Th e labile P forms in either peat humic or fulvic acids were very low, with none of the three types of labile P comprising >10% of the total P, leaving 83 and 90% of the total P in the two peat samples as recalcitrant P. Th e source of the IHSS soil humic and fulvic acids is a typical fertile soil found in the U.S. Midwest (International Table 4 . Comparison of lability (percent of total P in each humic fraction) for humic-bound P pools of mobile humic acid (MHA) and calcium humate (CaHA) fractions or humic acid (HA) and fulvic acid (FA) fractions from diff erent sources. Labile inorganic P 9.7 ± 1.0 8.7 ± 0.3 20.0 ± 2.8 21.6 ± 2.9 23 25 6 4 Labile organic P 28.9 ± 2.2 18.5 ± 0.9 34.4 ± 4.8 36.1 ± 0.5 17 18 4 2
Ultraviolet-labile P 1.9 ± 2.7 9.2 ± 1.4 6.7 ± 4.4 4.6 ± 6.3 27 11 3 5 Total labile P 40.5 ± 1.8 36.6 ± 1.8 60.5 ± 6.3 62.5 ± 4.0 67 51 17 10 † Means and standard deviations of three MHA and three CaHA fractions extracted from three fertilizer treatments in the Nebraska Hord soil planted to corn. ‡ Means and standard deviations of four MHA and four CaHA fractions from Philippine lowland soils under different rice cropping managements (He et al., 2009b) . § HA and FA fractions of Elliott soil and Waskish peat from the International Humic Substances Society (IHSS) (He et al., 2006) . Humic Substances Society, 2010) . Th e total labilities of P in the two IHSS soil humic and fulvic acids were more or less similar to the labilities of the rice soil humic fractions. Th eir labile components, however, were diff erent. Rice soil humic fractions contained more labile organic P, while IHSS humic fractions contained more UV-sensitive labile P. Th e lability of humic-bound P in Nebraska corn soils was moderate because these humic fractions contained less labile P than the humic fractions from Philippine rice soils and the IHSS soil but more than the peat humic fractions. Th e smaller standard deviations of the corn soils compared with the rice soils may refl ect smaller impacts of management practices on the P lability of the corn soils than the rice soils, perhaps because the latter had been under diff erent fertilization and cropping management for at least 25 yr (Olk et al., 1996 (Olk et al., , 1998 . Based on the data in Table 4 , we conclude that the lability of humic-bound P was determined in the order: sample origin > humic type > management factors.
CONCLUSION
Phosphorus forms and lability in the MHA and recalcitrant CaHA fractions from the three fertilizer treatments of inorganic fertilizer, beef cattle manure, and an unamended control in a Nebraska corn soil were characterized by solution 31 P NMR spectroscopy, enzymatic hydrolysis, and UV irradiation. Both NMR and wet chemistry analysis identifi ed about 10% of P in these six humic fractions as labile inorganic P or orthophosphate. Analysis by NMR demonstrated that organic P was present in various forms of orthophosphate monoesters and diesters, with a small portion of phosphonate (0-3.7% of P). No pyrophosphate or polyphosphate peaks were observed. Phytate was not present in these humic fractions, but scyllo-inositol P (a stereoisomer of inositol hexakisphosphate, as is phytate) was detected. Enzymatic hydrolysis demonstrated that only 18 to 32% of P in these humic fractions was enzymatically hydrolyzable, while UV irradiation released an additional 0 to 11% of humic P as labile inorganic P. Th ese data indicated that P in humic fractions was present in multiple forms having varying labilities. Fertilization management during the experimental period did not signifi cantly alter the lability of humic P in these soils. Further comparison of the data in this work and those in previous studies indicated that the lability of humic-bound P is determined in the order: sample origin > humic fraction type > management factors.
